In Brief
Selective attention depends on the ability of the brain to route information according to task demands. Knudsen et al. find that small lesions placed at key nodes in a midbrain network in chickens interfere with their ability to route information about the orientation of visual contours for making perceptual decisions.
INTRODUCTION
Perceptual decisions require both the analysis of sensory information and the selective routing of that information to networks in the brain that mediate cognitive decisions. Interruption of either process will result in an animal being unable to utilize the stimulus for perceptual decisions. In this study, we test the contributions of two midbrain structures, both implicated in the selective routing of visual information based on neurophysiological data [1, 2] , to visual perceptual decisions by chickens.
The central visual system in vertebrates contains two major pathways: a retinogeniculate pathway, which projects to primary visual areas in the forebrain, and a retinotectal pathway, which projects to the optic tectum (OT; equivalent to the superior colliculus [SC] in mammals) in the midbrain. In primates, the majority of retinal ganglion cells travel in the retinogeniculate pathway, and this pathway analyzes independent features of the visual scene (for example, contour orientation, color, and motion direction) in specialized circuits in the primary visual cortex (V1) [3] . By contrast, in birds, the majority of retinal ganglion cells travel in the retinotectal pathway, and the OT conveys information about certain features, such as color, luminance, and motion, in parallel pathways to the thalamic nucleus rotundus (Rt; equivalent to the pulvinar nucleus in mammals) [4, 5] .
However, at least one visual feature-the orientation of local contours-is analyzed in the retinogeniculate pathway in both birds and mammals. Like in the mammalian V1, neurons in the Wulst are organized in a topographic map of space, the majority respond best to lines of particular orientations, and, in owls, they cluster in orientation columns [6] [7] [8] [9] [10] . In contrast, neurons in the dorsal lateral geniculate nucleus (dLGN), which provides visual input to the Wulst, have small visual receptive fields and they are rarely sensitive to line orientation [10, 11] . Therefore, a key transformation in the neural coding for contour orientation occurs in the bird Wulst, as it does in the mammalian V1.
Conversely, there is no evidence that neurons in the OT, or in the forebrain areas that receive input from the OT, respond differentially to the orientation of local contours [4, [12] [13] [14] . Neurophysiological studies of the OT, Rt, and entopallium (Ent, equivalent to high-order cortex in mammals) [1] ) have demonstrated that neurons in these structures can be selective for stimulus features, such as color, luminance, figure versus ground motion, and motion in depth [4, [15] [16] [17] [18] . None of these studies, however, reports tuning for line orientation, a tuning that is easy to detect and that is readily apparent in the Wulst. Based on these data, there is no reason to expect that lesions in the OT should impair the ability of birds to discriminate orientations.
Behavioral studies have shown, however, that bilateral lesions of the OT render pigeons unable to discriminate among different shapes [19] . Why might this impairment occur if contour orientations are analyzed in the Wulst and not in the OT? One possibility is that the birds in the study discriminated shapes based largely on features that did not depend on contour orientations and that were processed in the OT. To resolve this possibility, the effects of OT lesions must be tested with stimuli that differ only in local orientation (as we do in this study). A second possibility is that the OT lesions interfered with the routing of orientation information from the Wulst to decision networks that guide behavioral choice. A recent modeling study indicates that, in monkeys, the signal that ascends from the SC to the thalamus exerts such a routing effect on visual information in the forebrain [20] .
A network of structures has been identified in the bird midbrain that generates a signal that could act as a gate for routing sensory information in the forebrain [21] . The network comprises structures located in both the tectum and tegmentum of the midbrain, structures that are conserved across vertebrate species [22, 23] . The OT is the hub of this network. It combines spatial information from a variety of sensory modalities with information from the forebrain that signals the behavioral relevance of stimuli, and it represents the highest priority stimulus (combination of its salience and relevance) as the site of greatest activity in a topographic map of space [2, 24] . This network has been shown to generate signals that are appropriate for selectively routing sensory information in the forebrain [1] . However, its contribution to information routing has never been tested behaviorally.
A key circuit in the midbrain network is formed by the nucleus isthmi pars parvocellularis (Ipc; equivalent to a portion of the nucleus parabigeminus in mammals), a cholinergic nucleus that connects reciprocally and topographically with the ipsilateral OT [25] . Ipc spike bursts, which occur rhythmically at gamma frequencies , encode the highest priority stimulus and are not selective for the orientation of local contours [26] . These bursts amplify and synchronize sensory responses in both the OT and in a parallel cholinergic circuit formed by the nucleus isthmi pars semilunaris (SLu) [1, [27] [28] [29] . The ascending drive from the OT and SLu synchronizes sensory responses in the Rt as well as in the Ent [1] . Thus, the Ipc circuit plays a central role in generating the signal that encodes the highest priority stimulus.
In this study, we demonstrate behaviorally that signals from the midbrain stimulus selection network are necessary for chickens to discriminate orientations at specific locations in the visual field. The results support the hypothesis that signals from the midbrain network route high-priority sensory information to decision-making networks that control behavior.
RESULTS

A Novel Protocol tor Testing the Causal Role of the Midbrain Network
We trained chickens to report the horizontal or vertical orientation of small (3 diameter) Gabor gratings ( Figure 1A ; STAR Methods; Movie S1), a stimulus property that is analyzed by neurons in the Wulst [7] [8] [9] [10] , but not by neurons in the Ipc or OT [12] [13] [14] 30] . The responses of the birds were quantified based on the location and timing of pecks registered by a touch-sensitive computer screen. To receive a reward, the bird had to peck within 15 of a response box following a horizontal grating or within 15 of the center cross following a vertical grating (Figure 1A , red and blue arrows). The cross and box were presented within easy reach, and they were separated from each other sufficiently that responses to the cross and box were distinct from each other ( Figure 1B, dashed lines) . By separating the location of the target stimulus from the locations of the cross and box and by placing the cross and box at locations that were unaffected by the lesion, we could distinguish the effects of brain lesions on the planning and execution of movements from their effects on perceptual decisions.
We tested four protocols of successively increasing levels of difficulty that enabled us to explore progressively more complex manifestations of the lesion deficit. The target was always a Gabor grating, one cycle per degree, at moderate contrast, subtending 3
, and lasting 100 ms followed by a high-contrast plaid mask. The short target duration was chosen to make the task difficult (hold d' at <2), thereby increasing the demand on orientation information from the Wulst. Distractors also served to increase the difficulty of the task. For distracting stimuli, four dots, each subtending 1 , were presented 5 from the center of the target grating at the corners of a square ( Figures 1D and  S1 ), modeled after [31] . We analyzed performance in terms of percentage correct, and we applied signal detection theory to compute discrimination accuracy (d') and criterion (c), in order to separate effects on discrimination accuracy from effects on response bias (STAR Methods). We also analyzed response latency. However, because latencies were found to be variable and idiosyncratic, we report those data only in STAR Methods.
Each bird received two unilateral electrolytic lesions: one in the Ipc ( Figure 2 ) and a second in the OT on the same side of the brain but at different locations in the space maps. After making each Ipc lesion, we verified that rhythmic bursting responses (a conspicuous signature of Ipc activity in the OT [32]) at the corresponding location in the OT space map were eliminated, demonstrating that the Ipc lesion was effective. The OT lesion was made 8-16 weeks after the Ipc lesion. Before each lesion was made in the Ipc or OT, we measured the location of the visual receptive field for the neural activity at the lesion site. Because both the brain lesions and the target stimulus size were small, the target had to be positioned accurately at the lesioned location (STAR Methods) in order to observe a behavioral effect.
Effects of Focal Ipc Lesions
The effects of focal Ipc lesions on orientation discrimination were tested in two groups of birds. In the first group, the target stimulus was presented without distracting stimuli ( Figure 1A ). In the second group, the same target stimulus was presented simultaneously with distracting stimuli in order to enhance deficits in attention control ( Figure 1D ; STAR Methods). In both groups, orientation discrimination performance with the target positioned at the lesioned location was compared with performance measured both prior to the lesion (baseline) and on the same day but at a non-lesioned location ( Figures 1B and 1C) . Ipc Group 1: Baseline Performance Prior to the lesion, orientation discrimination without distractors was consistent across birds ( Figures 1B and 3A-3C ). Birds C70 and C76 were tested with the single-location protocol, and C72 with the mirror-locations protocol ( Figure 1B ; STAR Methods). During the week prior to the Ipc lesion, the average percentage correct was $70% for all birds ( Figure 3A ; chance performance = 50%), with best performance reaching over 80% in individual sessions. Average values for d' ranged from 0.94 to 1.32 ( Figures 3B and 3C ). The birds exhibited little bias for either response (STAR Methods): values for c ranged from À0.14 (Figure S2 ; negative value indicates a bias to peck on the response box) to 0.52 (positive value indicates a bias to peck on the cross).
Ipc Group 1: Effects of an Ipc Lesion
After baseline data were collected, an electrolytic lesion was made in the left Ipc of each bird (Figure 2A ). The lesion in C70 was centered in the Ipc. The lesions in C72 and C76 were placed at the lateral edge of the nucleus where Ipc axons that project to the OT fasciculate. Following these lesions, observation of the Figure S1 .
birds outside the test chamber revealed no apparent behavioral abnormalities. However, testing the birds in the chamber exposed a profound, but temporary, deficit in orientation discrimination when targets were positioned at the lesioned location (STAR Methods). For C72 and C76, the lesioned location was found during the first day after making the Ipc lesion; for C70 it was found on day 6 post-lesion. When the target stimulus was presented at the lesioned location, discrimination performance dropped to chance (binomial test: p > 0.2; performance not significantly different from chance; Figure 3A) , and discrimination accuracy (d') was no longer significantly different from zero (p > 0.05; randomization test) for all of the birds ( Figures 3B and 3C ). In contrast, when the target was presented at a non-lesioned location, performance was either unimpaired (C70 and C72) or improved relative to baseline (C76; p < 0.01, randomization test). In addition, all birds exhibited a bias for selecting the cross when the target was at the lesioned location ( Figure S2A) .
Discrimination performance at the lesioned location was followed across days post-lesion for two birds, C70 and C72 (Figures 3F and 3G ). For both birds, discrimination performance improved rapidly and returned to baseline values across days of testing (p > 0.05; randomization tests).
Ipc Group 2: Baseline Performance
In a different group of animals (birds C59 and C69), orientation discrimination was measured with the target grating presented both with and without task-irrelevant distractors and with the target at mirror-symmetric locations in the right and left hemifields on randomly interleaved trials (distractor protocol; STAR Methods). Distractor contrasts <5.5% are referred to as weak; contrasts R5.5% are referred to as strong. The effect of distractor contrast on baseline performance is shown in Figure S1 . Prior to the Ipc lesion, both birds discriminated target orientation reliably on both sides ( Figures 3D and 3E) , and criteria were near zero ( Figure S2 ).
Ipc Group 2: Effects of an Ipc Lesion
We made a lesion in the left Ipc of C59 and in the right Ipc in C69 ( Figure 2C ). Apparent damage from these lesions was contained within the nucleus. Bursting neural activity was eliminated from corresponding locations in the OT space maps, verifying that the lesions were effective [32] (STAR Methods). Observation of the birds outside the test chamber revealed no apparent behavioral abnormalities following the Ipc lesions.
The lesioned location was identified on day 4 after the lesion in C59 and on day 1 in C69 (STAR Methods). For both birds, performance decreased, but it did not drop to chance levels, when distractors were weak ( Figures 3D and 3E ). However, it did drop to chance levels (binomial test: C59, p = 0.580, n = 22; C69, p = 0.432, n = 26) when distractors were strong ( Figure 3D ).
At the non-lesioned location, performance remained unchanged for most conditions (p > 0.05, randomization test). The one exception was a decrease in the performance of C69 when tested with strong distractors ( Figures 3D and 3E , right side, hatched stippled bars). This unexpected decrease may have been caused by a loss of motivation resulting from poor performance at the lesioned location, tested on interleaved trials, and the difficulty of performing the task with strong distractors. When tested on day 1 at a pair of locations that did not include the lesioned location (at left and right 58 , À39 instead of at left and right 57 , À20 ), C69 performed well on both sides (lesioned side: 83%, d' = 2.05, c = À0.41, n = 30; non-lesioned side: 93%, d' = 2.87, c = À0.03, n = 30).
Orientation discrimination recovered across days following the lesion (Figures 3F and 3G) .
In summary, a small lesion placed within the Ipc or Ipc output fascicle impaired orientation discrimination performance at the lesioned location, but not at a non-lesioned location in the same (C70 and C76) or opposite (C72, C59, and C69) visual hemifield. Strong distracting stimuli increased the deficit, indicating an impairment in attention control [33] . The deficits were less severe for the group 2 birds than for the group 1 birds, perhaps due to the superior pre-lesion performance of the group 2 birds ( Figure 3C ) or due to the target being positioned at the periphery of the lesioned zone (STAR Methods). Along with the loss of target orientation discrimination, the birds exhibited a bias to select the cross as their response ( Figure S2 ). This bias probably resulted from the birds being unable to perform the perceptual discrimination and, therefore, adopting an idiosyncratic response strategy. Once the lesioned location was found and testing at the lesioned location began, the rate of recovery was similar across all birds ( Figures 3F and 3G) , suggesting a similar location-specific, experience-dependent, compensatory mechanism.
Effects of Focal OT Lesions
The effect of a focal OT lesion on orientation discrimination was tested in two groups of animals. For all birds, the OT lesion (Figure 4) was placed on the same side of the brain as the previous Ipc lesion but at a different location in the space map. In the first group of birds (C70, C72, and C76), the target stimulus was presented as described for Ipc group 1, except that for C72 and C76, the target was presented with distractors in some blocks of trials. In the second group of birds (C59 and C69), the birds were tested with more complex sequences of stimuli (STAR Methods; Movie S1). OT Group 1: Baseline Performance Pre-lesion baseline performance measured with weak or no distractors was consistent across birds (Figures 5A and 6A-6C).
OT Group 1: Effects of an OT Lesion
The lesions were centered in layer 13 for C70 and C72 and in layer 10 for C76 ( Figure 4B ). However, in all of these birds, histological evidence of degeneration (gliosis and somatic atrophy) extended into surrounding layers 6-13. Following the OT lesions, observation of the birds outside the test chamber revealed conspicuous behavioral abnormalities. They ignored salient stimuli (a small food dish) brought toward them from certain directions in the lesioned portion of the visual field, they tended to turn and move toward the non-lesioned (left) side, and they tended to hold the head turned slightly toward the lesioned (right) side relative to the body. When tested in the chamber, all three birds (C70, C72, and C76) exhibited a complete loss of orientation discrimination at the lesioned location (p > 0.07; binomial test), even with weak or no distractors (Figures 5B, right side, 6A, and 6B). Criterion values increased, the bias favoring responses to the cross in every case ( Figure S3A ). In contrast, discrimination performance tested at non-lesioned locations on the same day was accurate, and responses were made with little bias (Figures 5B, left side, 6A, 6B, and S3A).
Long-Term Effects
The long-term effects of an OT lesion were assessed in two of the three birds: C72 and C76. C72 exhibited no orientation discrimination for 8 weeks post-lesion ( Figures 6F and 6G ). Performance without distractors improved to 60% correct (p = 0.016, n = 105; binomial test, performance significantly different from chance) during week 9. However, d' remained low ( Figure 6G ). Performance with strong distractors remained at chance (54%; p = 0.180, n = 96; binomial test, performance not significantly different from chance), with a d' = 0.39 through week 10 (Figures 6F and 6G, black star) and a strong bias to choose the cross (c = 1.14).
For C76, the effect of the OT lesion was equally profound initially, but performance recovered over a period of weeks (Figures 6F and 6G) . By week 4 following the lesion, performance with weak distractors had improved to 74% correct, with d' = 1.62 and c = 0.71. Performance with strong distractors remained poor through week 6 (57% correct, p = 0.014, n = 176, binomial test, performance significantly different from chance; d' = 0.78, decreased from pre-lesion, p = 0.020, randomization test).
OT Group 2: Baseline Performance
The effect of distractor strength on discrimination performance increased following the Ipc lesions in the group 2 birds ( Figures  3C-3G) , indicating a lesion-induced deficit in attention control. To test specifically for lesion effects on top-down control of attention, we trained the group 2 birds (C59 and C69) on a cued-location protocol ( Figure 7A ; STAR Methods; Movie S1). The results were analyzed first with data from validly cued, neutrally cued, and non-cued trials combined to assess the main effects of the lesion. Then, the results from validly and neutrally cued trials were compared to determine the effects of the lesion on cueing.
At baseline with weak distractors, C59 performed at 77% correct (d' = 1.66) and C69 at 76% (d' = 1.45) (Figures 6D and  6E ). With 100% predictive spatial cueing, C59 exhibited a cueing benefit only for targets on the right side ( Figure 7B , ''exptl loc''), indicating that she had learned to use the cue only on this side. C69 exhibited improved discrimination performance on both sides with cueing ( Figure 7B ). OT Group 2: Effects of an OT Lesion A focal electrolytic lesion was made in the left OT of C59 (affecting the side on which she used the cue; Figure 7B ) and in the right OT of C69 ( Figure 4C ) on the same side as the previous Ipc lesion. The lesions were placed in the dorsal OT, centered in layer 12 for C59 and in layer 10 for C69, but both lesions caused apparent damage across layers 6-13.
Observation of the birds outside the test chamber immediately following the lesion revealed similar behavioral abnormalities as reported above for the group 1 OT birds. When tested inside the chamber, they exhibited severely impaired orientation discrimination at the lesioned location, even with weak or no distractors ( Figures 6C-6E ). The first test session in which C59 provided a sample size adequate to evaluate performance was during week 2. At the lesioned location with weak distractors, performance was at chance (56%, p = 0.14, binomial test, n = 70; d' = 0.32 and c = À0.48). At the non-lesioned location, performance was 65% correct (p = 0.004, binomial test, n = 71), not different from pre-lesion baseline (67%) for this location (Figure 6D ). In addition, cueing no longer provided a significant benefit at the lesioned location, when tested on week 4 postlesion ( Figure 7B) . In contrast, C69 performed the task beginning day 1 following the OT lesion. At the lesioned location, performance was poor with weak distractors (59% correct; p = 0.004, binomial test, n = 227) and at chance with strong distractors (51% correct; p = 0.41, binomial test, n = 186) ( Figures 6D and 6E ). At the same time, performance with targets at the non-lesioned location was improved relative to baseline (p < 0.05; randomization test). Cueing now had a detrimental effect on performance at the lesioned location, while continuing to benefit performance at the non-lesioned location ( Figure 7B ).
Long-Term Effects
Neither of the group 2 birds showed convincing evidence of improving orientation discrimination at the lesioned location over a period of almost 3 months (Figures 6F and 6G) . At the non-lesioned location, discrimination performance continued to be superior (p < 0.001, randomization test) to pre-lesion baseline with strong distractors (weak distractors: 79% correct, d' = 1.43, c = À0.11; strong distractors: 77% correct, d' = 1.35, c = À0.18). For C59 after >5 weeks post-lesion, the benefit from cueing at the lesioned location was marginal but still not significant ( Figure 7B ). For C69, no benefit from cueing appeared at the lesioned location up to 12 weeks post-lesion, while the benefit from cueing continued at the non-lesioned location throughout this period ( Figure 7B ).
To summarize, a focal lesion in the OT resulted in a severe impairment in orientation discrimination at the lesioned location with weak distractors, and a complete loss of discrimination in the presence of strong distractors. For most birds, there was little recovery of discrimination performance over a period of more than 2 months. However, one bird (C76) recovered discrimina- tion over a period of weeks. The more persistent lesion effects observed in the group 2 birds versus the group 1 birds may reflect better positioning of the target grating in the region of space affected by the lesions (STAR Methods). The lesions also produced a persistent increase in median response latency at the lesioned location for three of the five birds (Figure S3B ; STAR Methods). Although the group 2 birds were able to exploit spatial cueing to improve discrimination at baseline, even 100% valid spatial cueing did not ameliorate the discrimination deficit caused by the OT lesion.
DISCUSSION
Seminal behavioral studies, reported several decades ago, demonstrated that pigeons with large bilateral OT lesions were unable to discriminate different visual patterns (horizontal versus vertical bars and apex up versus down triangles); the birds behaved as though blind [19, 34] . At that time, little was known about how visual information was processed in birds, and the studies did not consider the possible causes of the blindness: an interruption of visual information (sensory deficit) versus a disruption of the ability to access visual information for behavioral choices (agnosia). Instead, researchers assumed that the deficit was due to an interruption of visual signals, because of the massive direct anatomical projection from the retina to the OT in birds [35] .
Since that time, much has been learned about visual information processing in birds. Neurophysiological studies in the Wulst have shown that the retinogeniculate pathway conveys information that is used to construct neurons that are tuned for the orientation of local contours, both in birds with eyes oriented laterally (pigeons, chickens, and finches [7] [8] [9] ) or frontally (owls [6, 10] ). Also during this time, the OT has been shown to be the hub of a sophisticated midbrain network that selects and transmits the highest priority visual information for further analysis in the forebrain [2, 21] . Moreover, unlike in the Wulst, no evidence has been found that neurons in the OT or in its target structures are tuned for the orientation of local contours. With our current Current Biology 27, 1-12, July 24, 2017 7 knowledge, the persistent perceptual deficits reported in the early, seminal OT lesion studies can be explained, in part, by the inability of the birds to access the pattern information provided by the Wulst to make behavioral choices, consistent with the conclusion of this study.
Additional behavioral studies employed the same target stimuli described above to show that bilateral lesions in the thalamus of either the dLGN (retinogeniculate pathway) or the Rt (retinotectal pathway) alone had only modest or temporary effects on target discrimination [34, 36] . In contrast, lesions of both structures eliminated stimulus discrimination, an effect that persisted over time. These data demonstrated that the birds were able to use visual pattern information provided by the dLGN to discriminate the stimuli. The features analyzed by the retinogeniculate and retinotectal pathways are likely to be complementary, consistent with the known functional properties of these pathways. The results imply that the birds could discriminate among the target stimuli that were used in these early studies on the basis of multiple distinguishing stimulus properties.
In order to distinguish the roles of the retinotectal and retinogeniculate pathways following OT lesions, birds must be trained to discriminate stimuli based on a property that is analyzed specifically by the retinogeniculuate pathway. To this end, we employed small horizontal and vertical gratings that could be discriminated easily by neurons in the Wulst, but not by neurons in the OT. Our strategy was to force the birds to use local contour orientation information to solve the task. We found that a lesion placed in either the OT or Ipc rendered chickens unable to discriminate grating orientation at the lesioned location, at least under certain conditions. We can rule out sensorimotor impairments, because the birds reported their decisions with a motor response directed toward a location different from the location of the target stimulus. Therefore, the results demonstrate a perceptual deficit. The two remaining possibilities are that (1) the lesions disrupted the orientation information itself or (2) they disrupted the routing of orientation information into networks that drive behavioral choice. In the discussion that follows, we consider the likelihood of each of these possibilities, and we discuss the implications of these results for how the bird visual system processes information for making perceptual decisions.
The Possibility of a Deficit in Orientation Information Processing When the effects of lesioning a structure render an animal unable to discriminate a stimulus, as is the case with OT lesions, then behavioral data cannot distinguish between an interruption in sensory information (sensory deficit) and an inability to access sensory information for guiding behavior (agnosia). In this case, the interpretation depends on the information that is processed by the structure. As discussed above, there are no physiological data to support the possibility that the OT lesions interfered with the processing of orientation information. The visual Wulst and the OT receive parallel projections from the retinae [5, 35] . Many studies document that local contour orientation is analyzed in the visual Wulst. Conversely, no studies indicate that the OT or its target structures analyze orientation information.
Nevertheless, the absence of evidence does not demonstrate that the lesions did not interfere with orientation information processing. It is possible that an as-of-yet-undiscovered structure receives topographic, high spatial resolution information from the OT to compute contour orientation (in parallel with the Wulst) and that birds depend specifically on information from this structure (and not from the Wulst) to make behavioral choices. This scenario raises the question: what then is the function of the orientation information that is computed in the Wulst? Moreover, all current data indicate that thalamic nuclei that receive input from the OT contain neurons with large visual receptive fields, which cannot support the analysis of local orientations [5] . One possible exception is the dLGN itself, which receives a projection from the superficial layers of the OT [37] . Although the effect of this input from the OT on dLGN responses has not been studied, it may contribute to orientation processing in the Wulst.
All neurophysiological data are consistent with the hypothesis that the information used for target discrimination in our experiments was analyzed in the Wulst, but the information could not be accessed to guide behavioral choice. A test of this hypothesis would be to repeat the same behavioral experiments with lesions in the Wulst.
The Possibility of a Deficit in Routing Orientation Information
For the birds to perform the task, information about the target's orientation had to be routed to the networks that mediate decisions for guiding behavior. The forebrain mediates complex behaviors, such as courtship, navigation, and hunting, which require that stimuli be identified [2, 38] . The main projections of the Wulst are to a number of high-order areas in the forebrain, including the frontal, intermediate, and caudal nidopallium; the intermediate arcopallium; and the lateral striatum [39] . These same high-order areas also receive input from the parallel retinotectal (OT-Rt-Ent) pathway [40] . The routing of information according to task demands is a fundamental mechanism of selective attention. A modeling study of behavioral data from monkeys engaged in attentiondemanding tasks indicated that the effects of SC inactivations are accounted for best by a disruption in the routing of visual information in the forebrain [20] . The results presented in this study are consistent with OT lesions having the same effect in birds.
The midbrain stimulus selection network has been shown to compute a signal that acts as a space-specific gate for transmitting the highest priority visual information from the OT to the Rt [1] . We hypothesize that this signal also acts as a space-specific gate for orientation information from the Wulst to decision-making networks within the forebrain. One pathway that could act as a space-specific gate for visual information is the projection from the superficial OT to the dLGN [37] . This input to the dLGN is likely to provide information with high spatial resolution that is modulated by the midbrain stimulus selection network, which regulates the efficacy of retinal afferents in the superficial OT [21] . A second pathway that could act as a space-specific gate is the cholinergic projection from the SLu to the thalamus. SLu neurons have restricted spatial receptive fields, and they project to both visual and multimodal nuclei in the thalamus [1, 17, 41] . SLu neurons receive gamma-periodic drive from a special class of neurons in the OT [25, 29] . Normally, SLu activity depends on Ipc activity, signaling the highest priority location [1] . (Following the Ipc lesions, recovery of discrimination performance may have resulted from SLu neurons increasing their sensitivity to OT input, thereby becoming independent of Ipc activation and restoring the effectiveness of the midbrain selection signal.) The ascending signal from the SLu could gate presynaptically visual inputs to the thalamus from the selected location, as well as space-specific inputs from other sensory modalities (for example, auditory and somatosensory) that provide the forebrain with information about stimulus identity [42] .
If this hypothesis is true, then the midbrain selection signal exerts more powerful control of information routing in birds than in monkeys. Inactivation of the OT causes birds to be unable to make decisions about target orientation without any distractors present, in a highly impoverished visual environment, even when the upcoming location of the target is cued or completely predictable (single-location task, C70 and C76). In contrast, although monkeys are perceptually impaired during SC inactivation, they still are able to make decisions about the visual features of target stimuli that are presented alone [43] [44] [45] .
The ability of monkeys to make perceptual decisions about stimuli without a signal from the SC, at least under impoverished sensory conditions, is most likely due to the action of a top-down selection signal from the frontoparietal attention network, which is uniquely well developed in primates [46] . However, even in primates, when the top-down and midbrain selection signals conflict (for example, when SC inactivation causes the SC signal to select the location of a non-cued competing stimulus), the SC signal determines the information that is used for behavioral choice [43] . The dominance of the midbrain selection signal over the top-down signal, even in monkeys, makes sense given that the midbrain signal represents external stimuli that may be of immediate importance to survival, whereas the top-down signal represents the animal's internal goals [2] . Given that the basic anatomy of the midbrain network is conserved across vertebrate phylogeny, we propose that it serves this critical function in all vertebrate species.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
Experiments were conducted on five adult female white leghorn chickens (Gallus domesticus, Hyline strain). Training began at 10-12 months of age, and measurements finished before 4 years of age. All procedures were in compliance with the guidelines of the National Institutes of Health for the care and use of laboratory animals and were approved by the Institute Animal Care and Use Committee of Stanford University (Protocol ID: 20287). The birds were kept on a food-restricted schedule that maintained 70% of their free feeding weight. Water was available ad-libitum in the home cage.
METHOD DETAILS
Experimental apparatus
Training and testing were conducted with custom-made equipment, housed in a large sound isolation chamber (3x3x2.5 m). The chamber provided light, temperature and ventilation control. During the experiments, the chamber was dark, and the experimenter viewed the bird from outside the chamber on a TV screen with infrared (IR) video cameras (Sony, NightVision) mounted above the bird.
A black plexiglass, test booth (.5x.5x1 m), containing a touch-sensitive computer screen (Acoustic Pulse Recognition Technology, Elo Touch Systems, 37.5x 30 cm), was located at the center of the sound chamber. A feeder box with a computer-controlled access door was positioned at the base of the computer screen. The body of the bird was placed inside a box with the head protruding, and the box was secured in front of the computer screen so that the front of the eyes were 5 cm from the screen and level with the center of the screen when the bird was in resting position. From this position, the bird could easily peck all response targets displayed on the screen and the feeder box at the base of the screen.
The position and orientation of the head were monitored continuously with an IR based tracking system (Natural Point; OptiTrack Systems) [47] . Head position measurements were based on signals from three IR-reflecting markers embedded in a cap and attached to the head during testing. These signals were monitored with 2 overhead cameras. The system tracked 3 dimensions of head position relative to a zero-point with a precision of < 0.2 mm as well as 3 dimensions of angles with a precision of < 1 . The data were sampled at 120 Hz and stored for post hoc analysis.
Responses were quantified based on the timing and location of pecks registered by the touch-sensitive computer screen. The timing and location of each peck and details of the stimulus configuration were stored for post hoc analysis.
Behavioral Conditions
The birds performed two-alternative forced choice (2-AFC), orientation discrimination tasks. Stimulus presentation and data acquisition were controlled by custom MATLAB scripts running Psychophysics Toolbox extensions. To initiate a trial, the bird had to peck accurately, 2-5 times, on a zeroing cross that appeared at the center of the computer screen. Pecking engages a stereotyped action pattern of binocular frontal fixation, during which the eyes assume standard converged positions in the head for a period of > 150 ms following the peck [47] . Pecking on the cross therefore forced the head and eyes into standard positions relative to the screen. The stability and stereotypy of the head and eye positions during this period enabled us to present visual stimuli at known locations in the visual field [48] .
Locations on the screen were calibrated in degrees of visual angle measured 5 cm from the screen, the average distance (standard deviation < ± 0.5 mm in the z dimension) from the screen to the midpoint between the eyes immediately following pecks on the cross. Azimuth refers to degrees left or right from the vertical plane that contained the average center point between the eyes and the cross on the screen. Elevation refers to degrees up or down from the plane that contained the average optical axes of the eyes and the cross.
Immediately following accurate zeroing pecks on the cross, a target stimulus appeared on the screen for 100 ms ( Figure 1A ). The target stimulus was a Gabor grating, 1 cycle per degree, subtending 3 , on a dark background. The grating was oriented either horizontally or vertically. After 100 ms, the grating was replaced with a full contrast, plaid mask that had the same size and spatial frequency as the stimulus grating; the mask prevented afterimages of the grating from being used for discrimination and increased the difficulty of the task. Synchronous with the plaid mask, a response box appeared on the same side as the target stimulus but located lower in the visual field and at a different azimuth. The mask, box and cross remained on the screen for up to 2 s. To receive a reward, the bird had to peck within 15 of the box following a horizontal grating or within 15 of the cross following a vertical grating ( Figure 1A , red and blue arrows). When the bird responded correctly, the stimulus array was extinguished, a green reward light appeared, and the bird was given access to the feeder for 2 s. After a variable interval (2-5 s) following the extinguishing of the array, the zeroing cross reappeared, and the bird could initiate another trial.
The cross and box were presented within easy reach, and were separated from each other sufficiently that responses to the cross and box were distinct from each other ( Figure 1B, dashed lines) . By separating the location of the target stimulus from the locations of the cross and box, and by placing the cross and box at locations that were unaffected by the lesion, we could distinguish the effects of brain lesions on sensory perception from their effects on orienting movements.
The contrast of the target grating (calibrated with an OceanOptics spectrometer) was held constant at an intermediate value of 25%. At this contrast, performance was consistent and it allowed distracting stimuli to be presented at contrasts that were either higher or lower than that of the target ( Figure S1 ).
Task Protocols
We tested four protocols of successively increasing levels of difficulty.
Single-location protocol
The simplest protocol required the bird to report the orientation of the target grating when it appeared alone, without distracting stimuli, at a single location in the visual field ( Figure 1A) ; all of the birds were trained on this protocol. The target location remained constant throughout a single block of trials. In subsequent blocks in the same session, the target (but not the cross or box) was moved to test discrimination at another location in the same visual hemifield. Mirror-locations protocol Same as the single-location protocol, except that two different target locations were sampled on randomly interleaved trials during the block. The sampled locations were mirror symmetrical across the vertical meridian ( Figure 1B, plaids) . The response box always appeared at mirror symmetrical locations in the visual field, on the same side as the target stimulus. Distractor protocol Same as the mirror-locations protocol, except that task-irrelevant distracting stimuli were presented simultaneously with the target grating ( Figure 1D ). The distracting stimuli were 4 dots, each subtending 1 and centered 5 from the center of the target grating at the vertices of a square, modeled after [31] . This distractor configuration was chosen to promote strong suppression of the target's representation in the OT [49] . The contrast of the distractors, calibrated with the spectrometer, varied across trials, the contrast being sampled randomly from one of eight levels (0.0033 -50%) uniformly spaced on a logarithmic scale.
Cued-location protocol
The most elaborate protocol tested the effects of spatial cueing on orientation discrimination, with and without the distractors (Figure 7A ; Movie S1). This protocol was the same as the distractor protocol, except that cueing stimuli preceded the presentation of the target stimulus. The cued-location protocol was modeled on a protocol published previously [48] . In 50% of the trials, a 100% valid spatial cue (10 radius, red annulus) was presented on the side as the target stimulus, at the horizon, and centered 15 beyond where the target stimulus would appear. Trials with a valid spatial cue were pseudorandomly interleaved with trials in which a neutral spatial cue was presented. The neutral cue consisted of two, 10 radius, green annuli, one located at the identical location as the valid cue and the other at the mirror symmetrical location in the opposite visual hemifield. The neutral cue provided no spatial information, but did provide the same temporal information as the valid cue. The cue stimuli were triggered by the peck that initiated a trial. The cue was extinguished by a subsequent peck (median cue duration = 400 ms; 350-550 ms 68% confidence interval, CI). Another peck on the cross immediately triggered the presentation of the target grating.
QUANTIFICATION AND STATISTICAL ANALYSIS Percent Correct Performance
The results report the performance of 5 adult female chickens. Percent correct performance was computed as the number of correct responses (either a peck on the response box following a horizontal grating or a peck on the cross following a vertical grating) relative to the total number of trials of each type. Although only accurate peck responses (< 15 from the box or cross) were rewarded, all peck responses were scored as either pecks on the cross or on the box, respectively, by partitioning the data with a line that was perpendicular to, and bisected, the line connecting the locations of the cross and box ( Figure 1B, dashed lines) . Percent correct data were compared against chance performance using binomial statistics. Percent correct data were also compared pre-versus post lesion with a randomization test by permuting trials in a contingency table with unfixed marginals, and calculating the chi-square statistics. Specifically, we created a 2x2 contingency table with counts of correct trials in the first column and incorrect trials in the second column, and pre-lesion in the first row and post-lesion in the second row. To generate a null distribution under the hypothesis that performance was independent of lesion condition, we generated random draws based on the expected proportions and matched the number of random draws to the number of observed trials in the dataset. We calculated a chi-square statistic, comparing the randomly observed response counts with the expected counts, and compared this chi-statistic with the observed statistic. This randomization was performed 1000 times. The proportion of iterations in which the randomized chi-square statistic exceeded the observed statistic is reported as a p value. p values were Bonferroni corrected for multiple comparisons, when appropriate. Effects of the lesion on accuracies with and without cueing were measured with the Fisher's exact test, pooling trials across experimental sessions. Differences in accuracies were quantified by averaging over distractor values, and by counting all sessions equally (regardless of slight differences in numbers of trials across sessions).
We applied signal detection theory (SDT) to the response choices to compute discrimination accuracy (d') and criterion (c). Hit rates (h) were arbitrarily assigned as the proportion of correct responses to the horizontal grating (that resulted in pecks on the response box). False-alarm rates (f) were assigned as the proportion of incorrect responses to the vertical grating (that resulted in pecks on the response box). d' and c were computed as follows:
where F À1 denotes the probit function [50, 51] . In lesion/inactivation experiments, it is essential to distinguish whether a change in performance (percent correct) results from a change in discrimination accuracy, a change in response criterion, or both. SDT analysis enabled us to demonstrate that changes in performance could not be explained solely by changes in response bias. Values of d' and c were compared against chance performance using a randomization test. Contingency tables were constructed from multiple (10000) random draws from a binomial distribution with identical hit and false alarm rates (h = f = 0. 
Brain Lesions
Targeting of lesions Each bird received two, unilateral, electrolytic lesions: one in the Ipc and a second in the OT on the same side of the brain, but at different locations in the space maps. The OT lesion was made 8-16 weeks after the Ipc lesion. The order of the Ipc and OT lesions was determined by anatomical considerations: the OT is the hub of the network and is the source of the major pathway that connects the network to the forebrain, whereas the Ipc connects only locally within the midbrain network [2, 25] . Consequently, an Ipc lesion that is made after an OT lesion at corresponding locations in the space maps would probably have no effect. Therefore, the Ipc lesion was always made first, followed by the OT lesion at a different location in the space map.
Before each lesion was made, we measured the location of the visual receptive field for the neural activity at the lesion site. In preparation for making the lesions, each bird was anesthetized with 1.5% isoflurane and nitrous oxide/oxygen (45:55 by volume), a craniotomy was made over the midbrain, and a recording chamber was surgically implanted in the skull. The chamber included a plate for mounting the IR reflectors used for head tracking during behavioral testing. This procedure was completed before behavioral training began.
On the day of a lesion, the bird was anesthetized, wrapped in a jacket and suspended in front of the computer screen. The head was mounted in a holder, aligned with the screen so that the midsagittal and horizontal planes aligned with the cross, and secured in place. Anesthesia was then discontinued.
A custom microdrive was locked to the implanted recording chamber. Single and multi-unit responses were recorded with an epoxy-coated tungsten microelectrode (impedance = 1-5 MU at 1 kHz). Visual stimuli consisting of moving bright dots, which drove Ipc and OT units effectively, were displayed under computer control. Stimulus location and spike times were analyzed by custom MATLAB (Mathworks) software to generate a map of the receptive field location. Under these conditions of head restraint, the birds tended to hold the eyes in a consistent resting position [47] , yielding a consistent visual receptive field location. The electrode was moved in the Ipc or OT space map until the visual receptive field was at a location that would be located on the computer screen when the bird was engaged in the behavioral task (see below). Then, a lesion was made by passing direct anodal current for 30 s through the electrode: Ipc, 20 mA; OT, 50 mA. Identification of the ''lesioned location'' Because both the brain lesions and the target stimulus size were small, the target had to be positioned accurately at the lesioned location in order to observe a behavioral effect. Positioning of the target was guided by the visual receptive field location measured at the lesion site prior to making the lesion. However, the positions of the eyes in the head differ between a bird that is head-fixed and resting (visual receptive field measurements) and a bird that has just pecked at a stimulus (behavioral measurements). This difference in eye positions was estimated based on results from a prior study [47] . Beginning with this estimated location, we searched in both azimuth and elevation, for a target location that resulted in an apparent change in discrimination performance (the locations of the response box and cross remained constant). We sampled each location with 10-40 trials using the single-location protocol. Because the birds performed this simple task with high reliability (70%-85% correct), an impairment in orientation discrimination was readily apparent from such a small sample. When a candidate location was discovered, we ran a larger block of trials with the target stimulus at that location to determine whether performance was indeed abnormal. If so, this location was designated the ''lesioned location'' for that bird, more thorough testing with targets at that location commenced, and we made no further attempt to adjust target location to increase the behavioral effect.
This search strategy for finding the lesioned location introduced two potential sources of error. One is that the loss of orientation discrimination at a particular target location may have been unrelated to the lesion. Arguing against this possibility is the observation that the behaviorally determined lesion locations correlated with the anatomical locations of the lesions in the respective nuclei. Behaviorally determined lesioned locations ranged from contralateral 39 to 58 in azimuth and 0 to À29 in elevation for the Ipc lesions, and from contralateral 50 to 63 in azimuth and +22 to À22 in elevation for the OT lesions. Linear regressions (minus data from C72, see below) of behaviorally measured, lesioned location azimuths on rostrocaudal anatomical locations yielded: Ipc R 2 = 0.53 and OT R 2 = 0.82. Linear regressions of lesioned location elevations on mediolateral anatomical locations in the Ipc yielded R 2 = 0.82, and on percent around from the dorsomedial to ventromedial border of the OT yielded R 2 = 0.95. Only one lesioned location deviated substantially from these regressions: the Ipc lesion in C72 was located further rostral and lateral than expected either from the visual receptive field location measured at the time the lesion was made or from the behaviorally measured lesioned location. However, the Ipc lesion in this bird was placed in the Ipc output fiber fascicle and not in the nucleus itself. A second potential source of error that resulted from this search strategy was that a lesioned location may have been at the edge of the affected zone and not at its center. In birds that were tested at the edge of the lesioned area, the magnitude of the impairment could have been underestimated because of trial-to-trial variability in the position of the target inside versus outside of the affected area, and improvement in performance may have resulted from plasticity in the OT [52] near the edge of the lesion that was not available near the center of the lesion. This source of error could have contributed to variations across individuals, both in terms of the magnitude of the impairment (which may have been greater had it always been tested at the center of the lesioned zone) and the amount of recovery over time post lesion (which may have been less had it always been tested at the center of the lesioned zone).
Histology
After completing behavioral measurements of the effects of the Ipc and OT lesions, we anesthetized the bird deeply with isoflurane, opened the thoracic cavity, and injected Beuthanasia D (0.5 cc) into the heart. The bird was perfused transcardially with 0.1 M phosphate buffer, followed by 4% paraformaldehyde in phosphate buffer. The brain was removed and sunk in 30% sucrose in fixative for 2 d before sectioning. The brain was sliced in 30 mm frozen sections, mounted on slides, and either stained with cresyl violet or reacted with an antibody to choline acetyl-transferase (ChAT; the synthetic enzyme for acetylcholine, ACh). An avidin-biotin-DAB reaction was used to visualize the antibody labeling [53] . Scripts used to analyze the data have been deposited in GitHub in the folder Analysis scripts. To run all of the scripts requires MATLAB 2017a.
DATA AND SOFTWARE AVAILABILITY
'tabulate_data' computes the response metrics. Load either one data folder or two data folders (to compare across conditions) into the directory; enter graphically the spatial partition boundary defining go (box) versus nogo (cross) responses, and enter the distractor strength for partitioning trials with weak versus strong distractors (0.05 in this paper).
'output=load_experiment' plots the spatial pattern of responses. Load either one data folder or two data folders (to compare across conditions) into the directory; enter graphically the spatial partition boundary defining go (box) versus nogo (cross) responses. This script calls 'load_data_current_folder_manual' and downloads performance values used for calculations by other scripts.
'bootstrap_d_and_c' computes the significance of differences across data folders. First, download the data using 'output= load_experiment'. Enter the distractor strength for partitioning trials with weak versus strong distractors (0.05 in this paper). Then run this script. It calls 'permutation_test_2AFC' to calculate p values for the contingency table and 'permutation_test_2AFC_ compare' to compare the values between tables.
'performance_by_contrast_all' computes performance metrics for each distractor contrast. First, download the data using 'output=load_experiment'. Enter the distractor strength for partitioning trials with weak versus strong distractors (0.05 in this paper). Then run this script. It calls 'contcatenate_folders' to group data across sessions.
'cueing_effect' measures and tests for the significance of cueing on choice. Load two data folders into the directory and run the script (requires MATLAB 2017a). 
